Understanding gene expression patterns in response to altered environmental conditions at different time points of the preimplantation period would improve our knowledge on regulation of embryonic development. Here we aimed to examine the effect of alternative in vivo and in vitro culture conditions at the time of major embryonic genome activation (EGA) on the development and transcriptome profile of bovine blastocysts. Four different blastocyst groups were produced under alternative in vivo and in vitro culture conditions before or after major EGA. Completely in vitro-and in vivo-produced blastocysts were used as controls. We compared gene expression patterns between each blastocyst group and in vivo blastocyst control group using EmbryoGENE's bovine microarray. The data showed that changing culture conditions from in vivo to in vitro or vice versa, either before or after the time of major EGA, had no effect on the developmental rates; however, in vitro conditions during that time critically influenced the transcriptome of the blastocysts produced. The source of oocyte had a critical effect on developmental rates and the ability of the embryo to react to changing culture conditions. Ontological classification highlighted a marked contrast in expression patterns for lipid metabolism and oxidative stress response between blastocysts generated in vivo versus in vitro, with opposite trends. Molecular mechanisms and pathways that are influenced by altered culture conditions during EGA were defined. These results will help in the development of new strategies to modify culture conditions at this critical stage to enhance the development of competent blastocysts.
INTRODUCTION
Early embryonic development is one of the most critical periods of mammalian development. This early phase involves various morphological and biochemical changes related to genomic activity and a complex set of physiological processes, many of which are still unknown. These processes are controlled by several molecular mechanisms and pathways that have a fundamental role in the coordination of homeostatic and metabolic processes. During the postfertilization developmental period, several critical events occur in the embryo that are regulated by a harmonized expression of genes under ideal culture conditions [1] . However, the exact influence of in vitro culture conditions during each of these critical events/steps is still unknown. Among these events is the time at which the embryo switches from using the mRNA derived from the maternal genome to that resulting from embryonic genome activation (EGA). Initiation of EGA is a species-specific time point, which occurs at the two-cell stage in mouse [2] , at the four-cell stage in human [3] , and at the late eight-cell stage in bovine embryos [4] . EGA is considered to be the most critical event for viability during early development [5] , and is associated with early differentiation events, successful embryo implantation, and fetal development [1] . Various studies have shown the occurrence of minor EGA as early as the two-cell stage before the activation of embryonic genome at the eight-cell stage in bovine species [4] . This transition is crucial in genome reprogramming and acquisition of totipotency by the embryo [6] . Epigenetic modifications are involved in gene expression regulation in the embryo and play a crucial role in controlling reprogramming events during early embryogenesis [7] , which appears to be particularly sensitive to culture conditions [8] . Accordingly, the impact of environmental factors during this window of development, from maturation until EGA, requires much more investigation.
There is evidence demonstrating that the environment to which the oocyte is exposed during maturation can influence the pattern of transcripts in the matured oocyte and in the resulting blastocyst [9, 10] . However, other evidence suggests that the pattern of mRNA abundance in the blastocyst is dictated by the postfertilization culture conditions [11] [12] [13] . Nevertheless, in addition to the process of fertilization, oocyte quality seems to be the main critical factor affecting the proportion of immature oocytes developing to the blastocyst stage (see [14] for review). Despite a good rate of development of in vivo-derived zygotes or two-cell stage embryos to the blastocysts stage under in vitro culture environment (Gad et al., unpublished data), to what extent and at which critical stage of development the culture environment affects the blastocyst quality is a question that needs to be addressed.
To resolve this fundamental question, there is an inevitable need for an experiment combining in vitro and in vivo culture systems at specific developmental time points. This analysis would facilitate a comprehensive understanding of early embryo development and yield insights into the molecular pathways controlling early development. In the current study, we explored the influence of alternative culture conditions (in vivo or in vitro) before and during the EGA event on embryonic developmental rate and gene expression pattern, and their subsequent influence on pathways and biological functions controlling bovine embryo development. In order to accomplish this, we used state-of-the-art, nonsurgical endoscopic flushing and transfer of early-stage embryos to the bovine oviducts. The resulting blastocysts were analyzed using the new bovine microarray harboring 40 000 different targets based on the completed bovine genome and RNAseq to identify splice variants, nontranslated regions, and alternative untranslated region variants from bovine embryo libraries.
MATERIALS AND METHODS

Embryo Production
Six different blastocyst groups were produced under alternative in vivo and in vitro culture conditions (Fig. 1) . The first two groups (Vitro_4-cell and Vitro_16-cell) were matured, fertilized, and cultured in vitro until the 4-and 16-cell stages, respectively, and then transferred to synchronized recipients and FIG. 1. Overview of the experimental groups. Six different blastocyst groups were produced under alternative in vitro (gray) and in vivo (white) culture conditions at different time points of development. In vivo-produced blastocysts were used as a control for all other blastocyst groups. GAD ET AL. TRANSCRIPTOME PROFILE OF BOVINE BLASTOCYSTS cultured in vivo until Day 7 of the blastocyst stage. The next two groups (Vivo_4-cell and Vivo_16-cell) were matured, fertilized, and cultured in vivo until the 4-and 16-cell stages, respectively, and then flushed out and cultured in vitro until Day 7 of the blastocyst stage. Moreover, complete in vitro-produced (IVP) blastocysts were also included in the analysis. All five groups of blastocysts were compared to the complete in vivo blastocysts group, which were used as controls in throughout the experiment.
In Vitro Embryo Production, Endoscopic Tubal Transfer, and Embryo Recovery Bovine oocytes were recovered from slaughterhouse ovaries obtained from Holstein Friesian cows. Subsequent in vitro production of embryos was performed using a protocol described previously [15] . For fertilization, semen was used from the same bull that had been used for artificial insemination of the donor animals. Embryos were harvested at different time points (see above) and transferred directly to synchronized recipients by transvaginal endoscopic tubal transfer [16] to generate blastocysts of Vitro_4-cell and Vitro_16-cell groups. At Day 7, blastocysts were collected by nonsurgical uterine flushing, as described previously [17] , and pooled in groups of 10. In vitro blastocysts were produced using the same procedure and harvested at Day 7 and pooled in groups of 10.
In Vivo Embryo Production and Collection of Embryos
All experimental animals were handled according to the animal protection laws of Germany. Simmental heifers were superovulated and artificially inseminated twice with the same frozen-thawed commercial bull semen, and embryos were produced in vivo as described previously [13] . Embryos were flushed out at different time points, as described previously [17] , and transferred to the in vitro culture to generate blastocysts of Vivo_4-cell and Vivo_16-cell groups. Blastocysts were harvested from in vitro culture at Day 7 and pooled in groups of 10. Complete in vivo blastocysts were produced using the same procedure and flushed out at Day 7 by nonsurgical uterine flushing [17] .
RNA Isolation, Amplification, and Microarray Hybridization
Total RNA isolation was performed using the PicoPure RNA isolation kit (Arcturs, Munich, Germany) according to the manufacturer's instructions. Genomic DNA contamination was removed by performing on-column DNA digestion using RNase-free DNase (Qiagen GmbH, Hilden, Germany). RNA was eluted in 11 ll of elution buffer and the quantity and quality of the extracted RNA was verified on a 2100 Bioanalyzer (Agilent Technologies Inc., Santa Clara, CA). Samples were stored at À808C until use.
Amplified RNA (aRNA) was produced with a two-round amplification protocol using the RiboAmp HS RNA amplification kit (Applied Biosystems, Foster City, CA). The quantity of aRNA was determined using a Nanodrop ND-1000 (NanoDrop Technologies, Wilmington, DE). Two micrograms of aRNA from each sample were conjugated with either Cy-3 or Cy-5 dyes using the ULS Fluorescent labeling kit for Agilent arrays (Kreatech Diagnostics, Amsterdam, The Netherlands). The labeled product was then purified using the PicoPure RNA extraction kit (Applied Biosystems) to remove uncoupled dyes. Samples from the three pools (biological replicates) of each blastocyst group and the in vivo control group were hybridized together on EmbryoGENE's bovine microarray (made by Agilent in the format of 44 000 probes spotted 4 times on each slide using a dye-swap design (technical replicates) for a total of six arrays for each comparison, as described previously [18] . A total of 30 array slides were scanned using Agilent's High-Resolution C Scanner (Agilent Technologies), and features were extracted with Agilent's Feature Extraction software (Agilent Technologies).
Global Data Analysis
Microarray data analysis was performed using the Flex Array version 1.6 (Genome Quebec; available online at http://www.gqinnovationcenter.com/ services/bioinformatics/flexarray/index.aspx?l¼e). Data were subjected to a simple background correction, a Loess within-array normalization, and a quantile between-array normalization, and statistically analyzed using Linear Models for Microarray Data Analysis (LIMMA) [19] . Genes were considered differentially expressed at a fold change .2 with an adjusted P value of ,0.05 using the Benjamini and Hochberg false discovery rate method. All data analysis procedures were performed using R version 2.12.1 and LIMMA package version 3.6.9. Principal component analysis (PCA) was performed with the PAST 2.07 software [20] (http://folk.uio.no/ohammer/past). The raw data have been submitted to Gene Expression Omnibus under series GSE33314.
Pathways and Networks Analysis
A list of the differentially expressed genes (DEGs) from each comparison was uploaded into IPA (Ingenuity Systems; www.ingenuity.com) to identify relationships between the genes of interest and to uncover common processes and pathways. The 'Functional Analysis' tool of the IPA software was used to identify the biological functions that were most significant in the data set. Canonical pathway analysis was also utilized to identify the pathways from the IPA library of canonical pathways that were most significant. In addition, the significance of the association between the data set and the canonical pathway was calculated as the ratio of the number of genes from the data set that mapped to the pathway divided by the total number of genes that mapped to the canonical pathway.
Validation of Results Using Quantitative Real-Time PCR
To confirm the ability of this microarray analysis to resolve the differences in expression levels, 15 genes that showed significant differences in 4 experimental groups (Vitro_4-cell, Vitro_16-cell, Vivo_4-cell, and IVP) compared to the in vivo control group were selected, and glyceraldehyde phosphate dehydrogenase was used as endogenous control. Sequence-specific primers (Table 1) were designed using Primer Express v. 2.0 (Applied Biosystems). Each pair of primers was tested to achieve efficiencies close to 1. Independent quantitative RT-PCR for the aRNA (three replicates for each group) was performed in a 20-ll reaction volume containing iTaq SYBR Green Supermix with ROX (Bio-Rad Laboratories, Munich, Germany), the cDNA samples, and the specific forward and reverse primer in the StepOnePlus realtime PCR system (Applied Biosystems). The thermal cycling parameters were set at 958C for 3 min, 40 cycles of 958C for 15 sec, and 608C for 1 min. After the end of the last cycle, a dissociation curve was generated by starting the fluorescence acquisition at 608C and taking measurements every 7 sec until the temperature reached 958C. The comparative cycle threshold method was used to quantify expression levels as previously described [21] .
Statistical Analysis
Data were analyzed using Statistical Analysis System (SAS) version 8.0 software package (SAS Institute Inc., Cary, NC). Mean developmental rates of embryos were analyzed by ANOVA followed by a multiple pairwise comparison (Tukey test). The relative expression data were analyzed using the General Linear Model of SAS. Differences in mean values were tested using ANOVA followed by a multiple pairwise comparison using t-test. Differences with a P value , 0.05 were considered to be significant. GAD ET AL.
RESULTS
Embryo Recovery and Developmental Rates
While alternative culture conditions (in vivo or in vitro) either before or after the time of EGA were shown to have no effect on the developmental rates, the origin of the oocyte seemed to determine the embryo development. Total developmental rates until Day 7 for in vitro-generated embryos, which were transferred to in vivo conditions at the 4-cell (Vitro_4-cell) or 16-cell (Vitro_16-cell) stages were 24.1% and 27.5%, respectively. On the other hand, total developmental rates until Day 7 in vitro for embryos flushed at the 4-cell (Vivo_4-cell) or 16-cell (Vivo_16-cell) stage were 64.4% and 68.2%, respectively. The percentage of total oocytes that developed to the morula/blastocyst stage under complete in vitro conditions (IVP) was 33.6% (Table 2 ). In general, development rates of in vivo-generated embryos were significantly higher than those that were in vitro originated (P , 0.05). The lowest blastocyst:morula ratios were found in the Vitro_16-cell and IVP groups (0.2 and 0.6, respectively), while a blastocyst:morula ratio of 9.9 was found in the Vivo_4-cell group (Table 2) . 
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The morphological appearance of bovine embryos produced in vivo or in vitro at different developmental stages is shown in Figure 2 . Accordingly, in vitro-generated embryos tended to appear darker at all stages compared with those that were in vivo generated. As all in vivo-generated groups (Vivo_4-cell and Vivo_16-cell), including the ones that were complete in vivo, are derived from superovulated heifers, the effect of superovulation on development, and also on the transcriptome profile, could be minimized, as the same in vivo samples were used as controls during the whole comparison.
Global Transcriptome Analysis: Transcription Dynamics
PCA revealed that the greatest variation in the transcriptional profile of the analyzed blastocyst groups arise from differences in culture conditions at the time of EGA. Blastocyst groups that were under in vitro conditions at the time of EGA, generated either under in vitro (Vitro_16-cell) or in vivo conditions (Vivo_4-cell), clustered away from the other groups (Fig. 3) . Compared to the complete in vivo control groups, these two groups showed a higher number of differentially expressed genes (882 and 1918 DEGs, respectively) than those that were under in vivo culture conditions at the time of EGA, generated either under in vitro (Vitro_4-cell) or in vivo conditions (Vivo_16-cell) (633 and 311 DEGs, respectively), Supplemental Tables S1-S5 (all Supple- mental Data are available online at www.biolreprod.org). The number of common and unique DEGs between different groups is presented in Figure 4 , with some examples of up-and down-regulated genes. Genes commonly expressed between the IVP group and each of the other four blastocyst groups showed the same pattern of expression (Fig. 4) . Chromosomal distribution of DEGs from all groups showed the higher percentage of genes to be located on the X chromosome, and most of these genes were up-regulated in all blastocyst groups compared with the complete in vivo blastocyst group (Fig. 5) .
Functional Classification and Pathway Analysis
Ontological classification of DEGs, based on the information in the IPA, indicated that metabolic processes-including lipid, carbohydrate, nucleic acid, and amino acid metabolism; cell-related functions, including cell death, cell cycle, and cellto-cell signaling; as well as embryonic development and gene expression processes-were the most significant common functions affected in all blastocyst groups exposed to in vitro conditions compared with the in vivo group (Supplemental Table S6 ). Comparative analysis of DEGs in all groups (Fig. 6) showed that lipid metabolism was the most significant biological function affected in the Vitro_16-cell group, with down-regulation of most of the genes involved in this function compared with the in vivo control group. An example of these genes is shown in one of the networks created from the Vitro_16-cell group data set (Fig. 7) , as genes involved in cholesterol metabolism (HSD17B7, CYP11A1), steroid metabolism (HSD3B1, CYP11A1, APOA1), lipid excretion and translocation (ABCC2), and lipid metabolism (MSMO1, ANXA1, ANXA2) were found to be down-regulated. The same pattern of expression was found in the Vitro_4-cell and IVP blastocyst groups with regard to the subset of lipid metabolism genes. In contrast, the Vivo_4-cell group showed a different pattern, with a higher number of DEGs involved in lipid metabolism being up-regulated compared with the complete in vivo control group (Fig. 6 ). Cellular development-related genes involved in cell death, gene expression, and cellular growth and proliferation were differentially regulated in the two blastocyst groups that were under in vitro culture conditions at the time of EGA (Vitro_16-cell and Vivo_4-cell), irrespective of the origin of oocytes, and they were highly significant in the Vivo_4-cell group (Fig. 6) .
Pathway analysis using IPA generated several pathways for each group, with ratios ranging from 3% to 22% (proportion of DEGs to the total number of genes involved in each pathway) and a P value , 0.05 (Supplemental Table S7 ). NRF2-mediated oxidative stress response pathway was the dominant pathway in the Vivo_4-cell group (Fig. 8) , which showed upregulation for most of the genes involved, especially genes coding for antioxidant enzymes. In this pathway, the central gene was the nuclear factor (erythroid-derived 2)-like 2 gene (NFE2L2; also known as NRF2), which acts as a transcription factor in regulating the expression of sets of genes, including antioxidant, detoxifying, stress response, and proteasomal degradation-related genes (Fig. 9) . Antioxidant genes in this pathway (PRDX1, SOD1, GPX4, TXNRD1) showed an opposite pattern in the groups that were under in vitro culture conditions during EGA, with up-regulation in the Vivo_4-cell group and down-regulation in the Vitro_16-cell group, which also showed down-regulation of the NFE2L2 gene compared with the in vivo control blastocyst group (Figs. 8 and 9 ). GAD ET AL. 
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Retinoic acid receptor activation pathways (LXR/RXR and FXR/RXR) and signaling pathways (ILK and integrin signaling) were the dominant pathways in the Vitro_4-cell and Vitro_16-cell groups (Fig. 8) . Genes involved in retinoic acid receptor activation pathways were found to be downregulated in the Vitro_16-cell group. An indirect relationship between retinoic acid and different lipid metabolism genes was shown in the same network generated from the Vitro_16-cell data set compared with the in vivo group (Fig. 7) .
Among DEGs in all groups, several transcription factors were detected. The Vitro_16-cell and Vivo_4-cell groups showed six and seven differentially expressed transcription factors, respectively. However, the Vivo_16-cell group did not show any differentially expressed transcription factors compared to the in vivo control group. TFAP2A showed the largest difference in expression (À5.3 fold) in the Vitro_16-cell group, as HNF4A did in the Vivo_4-cell group (À4 fold). The identity of each transcription factor and its expected target molecules in each group are listed in Supplemental Table S8. A group of 68 genes were found to be exclusively differentially expressed in the two groups that were under in vitro conditions at the time of EGA (Vitro_16-cell and Vivo_4-cell). Most of these genes showed an opposite pattern between the two groups, with 50 genes up-regulated in the Vivo_4-cell and down-regulated in the Vitro_16-cell compared with the complete in vivo control group (Fig. 10 ). Among these genes were a group of genes involved in lipid metabolism (MSMO1, ANXA1, ANXA3, HMGCR, HSD17B11, LDLR, ACAT2) and oxidative stress response (PRDX1).
Array Data Validation by Quantitative Real-Time PCR
A total of 15 selected genes (Table 1 ) from microarray analysis was quantified in 3 biological replicates from the control and 4 experimental groups by quantitative real-time PCR. Results showed that the expression of these genes was consistent with array results, except in one case (PGRMC1 in the IVP group). All transcripts showed significant differences in expression (P , 0.05) between each blastocyst group and the in vivo control group (Fig. 11) .
DISCUSSION
The activation of embryonic genome is a gradual and dynamic process [4] that requires the availability of transcription factors, which are regulated by cell cycle-dependent mechanisms [22] . This critical event in bovine preimplantation development is subjected to environmental influences and subsequently affects embryo quality with potentially severe effects on fetal, prenatal, and postnatal viability [1] . Previous studies have shown that, while the in vivo or in vitro origin of oocytes is the main factor determining embryo developmental rate [23, 24] , the postfertilization culture environment is known to be the most important factor determining the quality of the resulting embryos [12, 25] . This is not only true when in vitro and in vivo culture systems are compared, but also when comparisons of different in vitro culture systems are made [8, 26, 27] . In agreement with these studies, our results showed that changing the culture conditions from in vivo to in vitro or vice versa, either before or after the time of major EGA, had no effect on the developmental rates; however, culture conditions
Comparison of the most prominent canonical pathways related to the data sets of the five blastocyst groups (P , 0.05). The bars represent the P value for each pathway on a logarithmic scale. Up-regulated (red) and down-regulated (green) genes involved in each pathway are presented for the selected blastocyst groups compared to the in vivo control group (!2 fold change).
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during that time critically influenced the gene expression patterns of the resulting blastocysts. The highest number of DEGs among all groups compared to in vivo-produced blastocysts was found in the Vivo_4-cell group, followed by the Vitro_16-cell group, indicating the sensitivity of embryos to in vitro culture conditions during the EGA time. Although both groups were under in vitro conditions at the time of EGA, they showed opposite patterns for most of the differentially expressed transcripts. Ontological classification of these transcripts revealed that lipid metabolism and oxidative stress response-related genes were the most affected genes; these were up-regulated in the Vivo_4-cell group and downregulated in the Vitro_16-cell group. Previous studies on mammalian oocytes and embryos reported that intracellular lipid contents may determine embryo quality, developmental potential, and cryotolerance [28, 29] .
During preimplantation embryo development, excess lipid may be sequestered within the cell and used by mitochondria for increased production of ATP required for compaction and blastocyst formation [30] . However, one of the common characteristics of IVP embryos is a darker cytoplasm and a lower buoyant density as a consequence of lipid accumulation in these embryos compared with their in vivo counterparts [23, 31] . Lipids can accumulate in the embryo by uptake from the culture environment [32] or as a result of culture-induced impaired activity of mitochondria and their inability to metabolize complex lipids [33] . Our results showed a clear pattern of down-regulation for lipid metabolism-related genes in the in vitro-generated groups, with a high significance level especially for the Vitro_16-cell group. This down-regulation indicated that embryos generated and cultured under in vitro conditions until the time of EGA were unable to use internal lipids for the production of ATP, which can be due to impaired mitochondrial activity. This was also reflected by the morphology of in vitro-generated embryos, which showed a darker cytoplasm at different developmental stages (Fig. 2) . However, in vivo-generated groups showed up-regulation of lipid metabolism-related genes and a clear cytoplasm. The results of this study clearly show that culture conditions during maturation and early developmental stages critically affected the metabolic activity and the ability of embryos to adapt to changing environment. Supporting this argument, a recent study by Somfai et al. [34] showed that supplementation of in vitro maturation medium with L-carnitine and ammonium compound plays a primary role in fatty acid transport from the cytosol into mitochondria, increased mitochondrial activity, enhanced lipid metabolism, and improved cleavage rates in porcine embryos. This suggests the importance of mitochondria and lipid metabolism in the maturation process and early development. Another study [35] reported that inhibition of fatty acid oxidation during in vitro maturation impaired porcine embryo development, further supporting the importance of lipid metabolism in developmental competence. Apolipoprotein A-I (APOA1), which is one of the genes down-regulated in the Vitro_16-cell blastocyst group, was also reported to be upregulated in human preimplantation embryos of higher morphological grade [36] . 
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During oocyte maturation and early embryo development, various environmental stress factors, such as oxidative stress, can impair mitochondrial integrity and activity, resulting in either apoptosis or abnormal embryonic development [37] . Oxidative stress occurs as a result of an imbalance between antioxidants and reactive oxygen species (ROS) production, which is believed to be induced by endogenous and exogenous factors during in vitro culture of embryos [38] . Enhanced embryo development under lower oxygen conditions is thought to be attributable to improved embryo metabolism and decreased ROS production [39] .
Several defense mechanisms are present in embryos to protect against oxidative stress and to decrease levels of ROS. One mechanism by which cells defend themselves against oxidative stress is through the transcriptional up-regulation of cytoprotective genes, such as heat shock proteins. Under oxidative stress conditions, the NFE2L2 transcription factor binds to the antioxidant response element to induce antioxidant and phase II detoxification enzymes [40] . Recent studies provided evidence that NFE2L2 function was not only associated with induction of genes involved in oxidative stress response, but also with lipogenic pathways that result in inhibition of lipid accumulation in mouse liver [41, 42] . However, the role of NFE2L2 in oxidative stress and lipid metabolism in preimplantation embryos has not yet been investigated. In the present study, NRF2-mediated oxidative stress response pathway was the dominant pathway in the Vivo_4-cell blastocyst group, with high ratio (13%) and upregulation for most of the antioxidant-related genes that are controlled by the transcription factor NFE2L2. This indicates that embryos flushed out and cultured in vitro before the time of EGA were highly sensitive to oxidative stress compared with embryos that were transferred to in vitro conditions after the time of EGA (Vivo_16-cell group), which showed a much lower ratio (3%) of DEGs involved in this pathway. In contrast, the Vitro_16-cell blastocyst group showed the opposite pattern of expression for the same pathway, with significant down- GAD ET AL. regulation of NFE2L2 and its downstream genes related to antioxidant and detoxification enzymes.
The oviduct and the uterine environment probably contain many substances that sustain embryo development or remove toxic factors. To mimic these conditions in vitro, different substances that decrease the concentrations of ROS in embryos have been added to the culture system. For example, addition of superoxide dismutase or catalase to murine [43] and bovine [44] embryos improved their development by up-regulating glutathione synthesis that controls the redox environment. Similarly, the addition of retinoic acid as an antioxidant reagent to the oocyte maturation culture medium was found to be beneficial to improve subsequent development of porcine [45] and bovine [46] embryos. Interestingly, retinoic acid receptor activation pathways (LXR/RXR and FXR/RXR activation) were significantly affected in the Vitro_4-cell and Vitro_16-cell groups, with down-regulation for most of the genes involved in these pathways compared with the in vivo control group. We have previously demonstrated that the transcript levels of retinoid X receptors (RXRA, RXRB, RXRG) were consistently lower in low-quality embryos in comparison with high-quality embryos [47] . In addition, the network generated from the Vitro_16-cell group data set (Fig. 7) showed the indirect relationship between retinoic acid and different lipid metabolism-related genes. These results, together with recent evidence of the function of NFE2L2 gene in lipid metabolism described above, suggest a crucial role of antioxidants during maturation and early stages of embryo development.
Epigenetic reprogramming during early embryonic development is an essential process to ensure a proper selection of the genes to be transcribed during EGA [6] . During early preimplantation embryonic development, paternally imprinted X-chromosome inactivation (XCI) is established in all cells of XX embryos [48] . In vitro production systems may have an influence on DNA methylation patterns, which could interfere with the gene expression patterns and the XCI process, and subsequently compromise embryo quality and pregnancy rates [49] [50] [51] . In our results, the chromosomal distribution of all differentially expressed transcripts in the five blastocyst groups showed a high number of DEGs located on the X chromosome, and a high proportion of these genes were up-regulated in all five groups of blastocysts compared with the in vivo control group (Fig. 5) . This can be associated with the negative impact of in vitro culture conditions during preimplantation development on the DNA methylation pattern, leading to an incomplete paternal XCI process. However, this point requires FIG. 11 . Quantitative real-time PCR analysis of selected genes for microarray validation. The expression patterns of 15 selected genes were consistent with the results from the microarray analysis in the 4 selected groups, except in one case (PGRMC1 in the IVP group). All transcripts showed significant differences (P , 0.05) between each blastocyst group (white bar) and the in vivo control group (black bar). TRANSCRIPTOME PROFILE OF BOVINE BLASTOCYSTS further investigation to provide more evidence of XCI disturbance under in vitro culture conditions in preimplantation bovine embryos.
In conclusion, this is the first comprehensive study to provide detailed information on molecular mechanisms and pathways that are influenced by altered culture conditions during a specific embryonic developmental time point. Our results highlight the significant impact of in vitro culture conditions during EGA on the transcriptome profile of bovine blastocysts, which showed different patterns between embryos of various origins. These data will improve our knowledge of the regulation of embryonic development, and could be used to advance new strategies to modify the in vitro culture conditions at this critical stage of development to enhance the growth of competent embryos.
